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The  reaction  zone  of  a  small-scale  laboratory  combustor  operating  under  flameless  oxidation  conditions  is 
examined  with  the  aid  of  hydroxyl  radical  chemiluminescence  (OH*)  imaging  and  measurements  of  local 
mean  gas  temperatures  and  local  mean  major  gas  species  (02,  C02,  CO,  unburnt  hydrocarbons  and  NOx)  con¬ 
centrations  along  the  combustor  axis,  as  a  function  of  the  fuel  (methane)  thermal  input,  which  was  varied 
between  7  and  13  kW.  As  the  fuel  thermal  input  increases,  the  reaction  zone,  as  typified  by  the  OH*  distribu¬ 
tion,  enlarges  and,  simultaneously,  moves  progressively  closer  to  the  combustor  exit  (exhaust)  due  to  the 
increase  in  the  central  jet  momentum,  while  maintaining  constant  the  excess  air  level.  The  excess  air  values 
used  in  the  present  study  were  low  enough  to  preserve  the  flameless  combustion  regime  regardless  of  the 
fuel  thermal  input,  with  the  combustor  yielding  very  low  NOx  (<6  ppm@15%  02)  and  CO  emissions 
(<14  ppm@>15%  02)  regardless  of  the  fuel  thermal  input.  The  low  NOx  emissions,  almost  independent  of 
the  fuel  thermal  input,  are  attributed  to  the  suppression  of  the  thermal  mechanism  promoted  by  the 
flameless  oxidation  regime.  Despite  being  always  low,  the  CO  emissions  increase  with  the  fuel  thermal 
input  presumably  because  of  the  lower  residence  times  associated  with  the  higher  burner  thermal  loads. 
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1.  Introduction 

Nearly  two  decades  ago,  a  new  combustion  mode,  known  today  as 
flameless  oxidation  [1],  moderate  or  intense  low  oxygen  dilution 
(MILD)  combustion  [2],  high  temperature  air  combustion  (HiTAC)  [3] 
or  colorless  distributed  combustion  [4]  has  been  found  to  reduce  pol¬ 
lutant  emissions  and  to  increase  combustion  efficiency  [  1  ].  The  main 
characteristics  of  this  combustion  mode  are  the  global  uniformity  of 
the  heat  release,  the  invisibility  of  the  flame,  the  reduced  aero- 
acoustic  oscillations  and  the  extremely  low  NOx  emissions.  Given  the 
enormous  potential  in  applying  this  technology  across  various  industri¬ 
al  sectors  where  combustion  plays  an  important  role,  flameless  oxida¬ 
tion  has  been  a  topic  of  intense  scientific  research  in  the  past  decade 
[e.g.,  5-17].  Nevertheless,  it  is  fair  to  say  that  the  current  knowledge 
on  the  fundamentals  of  flameless  oxidation  phenomena  is  still  limited 
and  will  benefit  from  studies  like  this  one. 

Optical  techniques  based  on  chemiluminescent  emissions  are  a 
valuable  way  to  improve  the  present  understanding  of  the  processes 
that  occur  under  flameless  oxidation  conditions.  These  techniques 
can  be  used  to  indicate  the  occurrence  of  a  variety  of  combustion 
phenomena  such  as  extension  and  location  of  the  reaction  zone,  heat 
release  and  equivalence  ratio  distributions  and  temperature  field, 
among  others.  For  instance,  Ruao  et  al.  concluded  that  there  is  a  rela¬ 
tionship  between  the  OH*  and  CH*  spontaneous  emissions  and  NO 
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production  in  confined  propane  and  ethylene  flames  with  flue  gas 
recirculation  [18],  and  Hardalupas  et  al.  indicated  that  intensities  of 
chemiluminescence  from  OH*  and  CH*  are  good  indicators  of  heat  re¬ 
lease  rates  in  natural-gas-fuelled,  premixed,  counterflow  flames  [19]. 

In  the  area  of  the  flameless  oxidation,  an  early  work  of  Plessing  et 
al.  carried  out  in  a  combustion  chamber  with  highly  preheated  air  and 
strong  exhaust  gas  recirculation  showed  that  flameless  oxidation 
takes  place  in  the  well-stirred  reactor  regime,  with  the  OH*  concen¬ 
tration  in  the  reaction  zone  being  lower  than  in  non-preheated 
undiluted  turbulent  premixed  flames  [20].  Based  on  OH*  and  CH* 
measurements  in  a  combustor  fed  with  diluted  preheat  combustion 
air,  Tsuji  et  al.  observed  that,  under  flameless  conditions,  the  volume 
of  the  reaction  zone  increases  with  the  air  dilution  and  that  the  heat 
release  rates  per  unit  of  volume  in  this  combustion  mode  are  smaller 
than  in  conventional  flames  [21  ].  More  recently,  Medwell  et  al.  exam¬ 
ined  the  structure  of  the  reaction  zone  of  a  jet  in  a  heated  and  diluted 
coflow,  which  emulates  MILD  conditions,  and  found  that  reducing  the 
oxygen  level  leads  to  a  suppression  of  OH*  as  a  result  of  the  reduced 
temperatures  in  the  reaction  zone  [11].  Associated  with  the  drop  in 
OH*  levels  these  authors  found  a  broadening  of  the  OH*  distribution. 

The  objective  of  this  study  is  to  examine  the  reaction  zone  of  a 
small-scale  laboratory  combustor  operating  under  flameless  oxida¬ 
tion  conditions  with  the  aid  of  hydroxyl  radical  chemiluminescence 
(OH*)  imaging  and  measurements  of  local  mean  gas  temperatures 
and  local  mean  major  gas  species  concentrations  along  the  combustor 
axis,  as  a  function  of  the  fuel  (methane)  thermal  input,  which  was 
varied  between  7  and  13  kW. 
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2.  Material  and  Methods 

Fig.  1  shows  a  schematic  of  the  experimental  facility  and  measure¬ 
ment  equipment,  and  Fig.  2  shows  a  schematic  of  the  combustor  used 
in  this  study.  The  combustion  chamber  is  a  quartz-glass  cylinder  with 
an  inner  diameter  of  100  mm  and  a  length  of  340  mm.  During  the 
tests,  the  quartz  cylinder  was  insulated  with  a  30-mm-thicl<  ceramic 
fibre  blanket.  The  burner  is  placed  at  the  top  end  of  the  combustion 
chamber  and  the  removal  of  the  burned  gases  is  made  by  the  bottom 
end  through  a  convergent  nozzle  with  a  length  of  150  mm  and  an 
angle  of  15°.  The  burner  (Fig.  2)  consists  of  a  central  orifice  of 
10  mm  inner  diameter,  through  which  the  combustion  air  is  supplied, 
surrounded  by  1 6  small  orifices  of  2  mm  inner  diameter  each,  posi¬ 
tioned  on  a  circle  with  a  radius  of  15  mm,  for  the  fuel  (methane)  sup¬ 
ply.  The  combustion  air  is  preheated  by  an  electrical  heating  system 
that  allows  inlet  air  temperatures  up  to  700  °C,  which  are  monitored 
using  a  type  K  thermocouple  installed  at  the  entrance  of  the  burner. 

Local  mean  temperature  measurements  were  obtained  using 
76  pm  diameter  fine  wire  platinum/platinum:  13%  rhodium  (type  R) 
thermocouples.  The  hot  junction  was  installed  and  supported  on 
350  pm  wires  of  the  same  material  located  in  a  twin-bore  alumina 
sheath  with  an  external  diameter  of  5  mm.  The  uncertainty  due  to  ra¬ 
diation  heat  transfer  was  estimated  to  be  less  than  5%  by  considering 
the  heat  transfer  by  convection  and  radiation  between  the  thermo¬ 
couple  bead  and  the  surroundings. 

The  sampling  of  the  gases  for  the  measurement  of  local  mean  02, 
C02,  CO,  unburnt  hydrocarbons  (HC)  and  NOx  concentrations  was 
achieved  using  a  stainless  steel  water-cooled  probe  [22,23],  It  was 
composed  of  a  central  1.3  mm  inner  diameter  tube  through  which 
quenched  samples  were  evacuated.  This  central  tube  was  surrounded 
by  two  concentric  tubes  for  probe  cooling.  The  outer  diameter  of  the 


water-cooled  probe  was  10  mm.  The  gas  sample  was  drawn  through 
the  probe  and  part  of  the  system  by  an  oil-free  diaphragm  pump.  A 
condenser  removed  the  main  particulate  burden  and  condensate.  A 
filter  and  a  drier  removed  any  residual  particles  and  moisture  so 
that  a  constant  supply  of  clean  dry  combustion  gases  was  delivered 
to  the  analyzers  through  a  manifold  to  give  species  concentration 
on  a  dry  basis.  The  analytical  instrumentation  included  a  magnetic 
pressure  analyzer  for  02  measurements,  a  non  dispersive  infrared 
gas  analyzer  for  C02  and  CO  measurements,  a  flame  ionization  detec¬ 
tor  for  HC  measurements  and  a  chemiluminescent  analyzer  for  NOx 
measurements.  Apart  from  an  instrumental  error  of  less  than  ±  0.5% 
in  measuring  the  gas  concentrations,  errors  can  mainly  arise  from 
the  quenching  of  chemical  reactions  and  aerodynamic  disturbances 
of  the  flow.  Quenching  of  the  chemical  reactions  was  rapidly  achieved 
upon  the  samples  being  drawn  into  the  central  tube  of  the  probe  due 
to  the  high  water  cooling  rate  in  its  surrounding  annulus  -  our  best 
estimate  indicated  quenching  rates  of  about  107  to  108  K/sec.  No  at¬ 
tempt  was  made  to  quantify  the  probe  flow  disturbances.  On  average, 
the  repeatability  of  the  gas  species  concentration  data  was  within  10% 
of  the  mean  value,  which  is  a  good  indicator  of  the  data  quality. 

Flue  gas  composition  data,  obtained  at  the  beginning  of  the  ex¬ 
haust  duct  (see  Fig.  1),  were  carried  out  using  the  procedures  de¬ 
scribed  above  for  the  concentration  measurements  inside  the 
combustor.  At  the  combustor  exit,  probe  effects  were  negligible  and 
errors  arose  mainly  from  quenching  of  chemical  reactions,  which 
was  found  to  be  adequate.  Repeatability  of  the  flue  gas  data  was,  on 
average,  within  5%  of  the  mean  value. 

Both  the  temperature  and  the  gas  species  probes  were  inserted 
into  the  quartz-glass  combustion  chamber  through  holes  made  on 
the  bottom  end  of  the  combustor  (see  Fig.  1).  The  analogue  outputs 
of  the  thermocouple  and  of  the  analysers  were  transmitted  via  A/D 


Fig.  1.  Schematic  of  the  experimental  facility  and  measurement  equipment. 
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Fig.  2.  Schematic  of  the  combustor. 


boards  to  a  computer  where  the  signals  were  processed  and  the  mean 
values  computed. 

The  OH*  images  were  collected  on  an  ICCD  camera  (FLAMESTAR II, 
LaVision,  286x384  pixels),  equipped  with  an  UV  lens  (UV  Nikkor, 
105  mm,  f/4.5)  and  a  bandpass  interference  filter  (Melles  Griot)  cen¬ 
tered  at  310  nm  with  10  nm  bandwidth.  To  eliminate  the  dark  signal, 
background  images  were  taken  with  capped  camera,  under  the  same 
integration  time  and  gain  of  the  measured  images,  for  subsequent 
subtraction  from  the  original  measured  images.  In  all  chemilumines¬ 
cence  experiments,  500  single  instantaneous  images  were  recorded 
and  averaged.  The  signal  was  detected  with  an  exposure  time  of 
10  ps.  The  signal  to  noise  ratio  of  the  instantaneous  images  was  better 
than  8:1.  For  the  calibration  of  the  spatial  resolution  and  depth  of 
field,  an  object  with  known  dimensions  was  placed  inside  the  com¬ 
bustion  chamber,  in  front  of  the  ICCD,  and  moved  along  the  camera 
lens  axis  in  a  range  of  100  mm.  This  was  made  to  verify  if  the  size 
of  the  image  from  the  object  viewed  by  the  ICCD  was  the  same  re¬ 
gardless  its  position.  The  size  of  the  image  of  the  object  captured  by 
the  ICCD  showed  maximum  differences  of  about  1  pixel  for  different 
positions  of  the  object  in  the  100  mm  interval.  Since  each  pixel  has 


about  1 0  pm,  the  deviation  error  was  negligible.  Each  image  obtained, 
which  maintains  the  spatial  resolution,  showed  an  area  of  90  x  105  mm2. 
Repeatability  of  the  photometric  data  was,  on  average,  within  5%  of 
the  mean  value. 

The  ICCD  camera  collected  the  signal  from  the  entire  combustion 
chamber  so  that  the  signals  were  spatially  integrated  in  depth.  In  order 
to  obtain  local  information  instead  of  line-of-sight  information,  each  aver¬ 
aged  OH*  image  was  subsequently  tomographically  reconstructed  using 
the  inverse  transform  of  Abel  [24]. 


3.  Results  and  Discussion 

Table  1  summarizes  the  test  conditions  used  in  this  study.  Meth¬ 
ane  was  used  as  fuel.  Flue  gas  measurements,  OH*  imaging  and  mea¬ 
surements  of  local  mean  gas  temperatures  and  local  mean  major  gas 
species  concentrations  along  the  combustor  axis  were  obtained  for  all 
runs  listed  in  Table  1. 

In  a  previous  work,  we  have  examined  the  operational,  combus¬ 
tion  and  emission  characteristics  of  the  present  combustor  as  a  func¬ 
tion  of  the  excess  air  coefficient  (A.)  and  found  that  for  low  values  of  A. 
the  reaction  zone  is  uniformly  distributed  over  a  relatively  large  vol¬ 
ume  of  the  combustor  (flameless  combustion),  while  for  high  values 
of  A,  conventional  lean  combustion  was  accomplished  [22].  In  brief, 
the  momentum  of  the  central  air  jet  is  large  enough  to  generate  a 
strong  reverse  flow  zone  that  recirculates  hot  flue  gas  back  towards 
the  near  burner  region  so  that  combustion  takes  place  with  a  relative¬ 
ly  low  oxygen  concentration  in  the  oxidizer.  This  means  that  the  es¬ 
tablishment  of  conditions  for  flameless  oxidation  to  occur  in  the 
present  configuration  is  largely  determined  by  the  momentum  of 
the  central  air  jet  (the  inlet  fuel  velocity  is  much  lower  than  the 
inlet  air  velocity  -  see  Table  1 ).  Note  that  the  1 6  fuel  jets  are  directly 
injected  into  the  recirculation  zone,  which  also  contributes  to  achieve 
flameless  oxidation  conditions.  In  this  configuration,  however,  opera¬ 
tion  with  high  excess  air  levels  leads  to  departure  from  flameless 
combustion  due  to  the  mixing  between  the  fuel  jets  and  the  hot  flue 
gas,  in  this  case,  with  a  relatively  high  oxygen  concentration  [22],  In 
the  present  study,  the  values  of  A  used  (see  Table  f )  were  low  enough 
to  preserve  the  flameless  combustion  regime  regardless  of  the  fuel 
thermal  input. 

Fig.  3  shows  the  CO  and  NOx  emissions  as  a  function  of  the  fuel 
thermal  input  (runs  1  to  7  in  Table  1).  Fig.  3  reveals  the  very  low 
emissions  measured;  specifically,  NOx  emissions  below  6  ppm@15% 
02  and  CO  emissions  below  14  ppm@15%  02,  regardless  of  the  fuel 
thermal  input.  Note  that  HC  emissions  were  not  detected  for  any  of 
the  combustor  operating  conditions  studied.  The  low  NOx  emissions 
can  be  attributed  to  the  suppression  of  the  thermal  mechanism  pro¬ 
moted  by  the  flameless  oxidation  regime  (see  below),  being  interest¬ 
ing  to  note  the  relative  independence  of  the  NOx  emissions  of  the  fuel 
thermal  input  in  the  relatively  wide  range  studied.  The  CO  emissions 
increase  with  the  fuel  thermal  input  most  likely  because  of  the  lower 


Table  1 

Test  conditions.3 


Run 

Fuel  thermal 
input  (kW) 

Excess  air 
coefficient  (A) 

Inlet  fuel 
velocity  (m/s) 

Inlet  air 
velocity  (m/s) 

Residence 
time  (s)b 

1 

7 

1.4 

4.3 

81.7 

0.176 

2 

8 

1.3 

4.9 

90.0 

0.164 

3 

9 

1.3 

5.5 

97.2 

0.146 

4 

10 

1.3 

6.2 

113.2 

0.131 

5 

11 

1.3 

6.8 

118.1 

0.119 

6 

12 

1.3 

7.4 

126.7 

0.118 

7 

13 

1.3 

8.0 

137.2 

0.109 

a  For  all  conditions:  inlet  air  temperature  =  400  °C;  energy  transferred  through  the 
combustor  walls  «  40%  of  the  thermal  input. 
b  Residence  time  =  combustion  chamber  volume/reactants  volume  flow  rate. 
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Fig.  3.  CO  and  NOx  emissions  as  a  function  of  the  fuel  thermal  input. 


residence  times  (see  Table  1)  associated  with  the  higher  burner  ther¬ 
mal  loads  as  a  consequence  of  the  higher  inlet  fuel  and  air  velocities. 

Fig.  4  displays  mean  OH*  images  at  the  combustor  symmetry 
plane  for  all  runs  included  in  Table  1.  It  should  be  noted  that,  due  to 
the  short  lifetime  of  OH*,  the  chemiluminescence  originates  only 
from  the  reaction  zone  so  that  this  technique  yields  information 
about  the  size  and  position  of  the  reaction  zone  [25], 

At  a  thermal  input  of  7  kW,  Fig.  4a,  the  reaction  zone  is  located  be¬ 
tween  z«  70  and  160  mm,  as  typified  by  the  OH*  distribution.  As  the 
fuel  thermal  input  increases  two  observations  can  be  made.  Firstly, 
the  reaction  zone  enlarges,  as  quantified  in  Table  2,  which  shows  the 
volume  of  the  region  where  OH*  was  detected  for  each  condition  stud¬ 
ied  (for  each  run  the  volume  of  the  OH*  region  was  calculated  consid¬ 
ering  that  its  border  was  located  where  the  OH*  intensity  was  20%  of 
the  maximum  intensity  detected  in  the  respective  OH*  image);  and, 
secondly,  the  reaction  zone  moves  progressively  closer  to  the  combus¬ 
tor  exit  (exhaust)  due  to  the  increase  in  the  central  air  jet  momentum, 
while  maintaining  constant  the  excess  air  level.  For  thermal  inputs  be¬ 
tween  8  and  13  kW,  Fig.  4b-g,  the  OH*  distributions  reveal  that  the  re¬ 
action  zones  are  located  between  z« 75  and  175  mm;  zw80  and 
190  mm;  z«100  and  220  mm;  z«110  and  225  mm;  z«120  and 
230  mm;  and  z«  125  and  235  mm,  respectively. 


'oj 

Table  2 

O 

vO 

Volume  of  the  region  where  OH*  was  detected  for  each  run. 

LO 

Run 

Fuel  thermal  input  (kW) 

Volume  of  the  OH*  region  (dm3) 

® 

1 

7 

0.058 

E 

2 

8 

0.060 

CL 

3 

9 

0.075 

<D 

c 

4 

10 

0.089 

5 

11 

0.140 

o 

6 

12 

0.205 

>* 

7 

13 

0.248 

O 

( 

Finally,  Fig.  4  also  reveals  that  the  OH*  intensities  increase  from 
run  1  to  run  7,  which  suggests  that  the  heat  release  rates  increase 
as  the  fuel  thermal  input  increases,  while  maintaining  constant  the 
excess  air  level. 

Yang  and  Blasiak  also  studied  numerically  the  effect  of  the  fuel 
thermal  input  on  the  flame  volume  in  a  laboratory  combustor  operat¬ 
ing  under  flameless  conditions  [26].  They  found  that  the  chemical 
flame  volume,  whose  borders  were  defined  based  on  the  oxidation 
mixture  ratio,  increases  as  the  fuel  flow  rate  increases.  Despite  the 
differences  in  the  burner  configuration  and  operating  conditions 
(they  studied  fuel  thermal  inputs  below  1  kW),  it  is  interesting  to 
note  that  the  results  of  Yang  and  Blasiak  are  in  line  with  those 
reported  here  based  on  the  volume  of  the  OH*  region. 

Fig.  5  shows  the  profiles  of  mean  gas  temperature  and  concentra¬ 
tions  of  02,  C02,  CO,  HC  and  NOx  along  the  axis  of  the  combustor  for 
all  runs  listed  in  Table  f .  Contours  of  temperature  and  major  species 
concentrations  at  the  symmetry  plane  inside  the  combustion  cham¬ 
ber  for  run  4  may  be  found  elsewhere  [22],  Returning  to  Fig.  5,  first, 
it  is  important  to  appreciate  that  the  temperature  and  concentration 
profiles  are  consistent  with  the  reaction  zone  identified  through  the 
OH*  images.  The  on-axis  profiles  of  temperature  and  of  02  and  C02 
concentrations  are  relatively  uniform  for  all  runs,  except  in  an  initial 
region  close  to  the  burner. 

In  the  near  burner  region,  the  steep  rise  observed  in  the  HC  con¬ 
centrations  for  all  test  conditions  indicates  intense  mixing  between 
the  fuel  jets  and  the  central  air  jet.  As  expected,  the  HC  concentrations 
in  the  near  burner  field  increase  as  the  momentum  of  the  central  air 
jet  increases  (from  run  1  to  run  7  -  see  Table  1). 


Fig.  4.  Mean  OH*  images  at  the  combustor  symmetry  plane  for  all  runs  in  Table  1.  a)  run  1,  b)  run  2,  c)  run  3,  d)  run  4,  e)  run  5,  f)  run  6,  g)  run  7. 
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Fig.  5.  Axial  profiles  of  mean  gas  temperature  and  gas  species  concentration  for  all  runs 
in  Table  1. 


The  presence  of  HC  up  to  axial  distances  between  z=160  and 
180  mm,  according  with  the  test  condition,  indicates  slow  combus¬ 
tion.  Consistently  with  the  location  of  the  reaction  zones,  as  identified 


by  the  OH*  distributions,  the  highest  CO  concentrations  appear  at 
axial  distances  between  z=100  and  220  mm,  according  with  the 
test  condition.  Nonetheless,  at  the  combustor  exit  CO  emissions 
were  less  than  14  ppm@15%  02  and  no  HC  emissions  were  detected. 

The  N0X  concentrations  are  low  throughout  the  entire  combustion 
chamber  for  all  test  conditions.  In  addition,  it  is  observed  that  NOx 
concentrations  within  the  reaction  zones  (where  the  temperatures 
are  the  highest  of  all,  but  always  inferior  to  «  1 500  °C,  and  the  02  con¬ 
centrations  are  relatively  high)  are  insignificant,  which  reveals  that 
NO  formation  via  the  thermal  mechanism  is  strongly  inhibited 
there,  in  agreement  with  the  veiy  low  NOx  emissions  measured 
(Fig.  3).  In  addition,  under  the  present  flameless  oxidation  conditions 
(\  around  1.3),  NO  formation  via  the  prompt  mechanism  is  expected 
also  to  be  insignificant.  For  example,  Mancini  et  al.  concluded  from  a 
numerical  study  that  only  5%  of  the  NOx  emitted  from  a  combustor 
operating  under  flameless  oxidation  conditions  was  formed  via  the 
prompt  mechanism  [7],  Under  these  circumstances  and  given  the 
absence  of  nitrogen  in  the  fuel,  the  formation  of  NO  via  the  N20  inter¬ 
mediate  mechanism  is  expected  to  have  an  important  role  in  the 
present  reacting  flows,  as  recently  concluded  by  Yang  and  Blasiak 
from  a  numerical  study  performed  in  a  gas  fired  regenerative  furnace 
with  high  preheated  air  [27], 

4.  Conclusions 

The  characteristics  of  the  reaction  zone  of  a  small-scale  laboratory 
combustor  operating  under  flameless  oxidation  conditions  have  been 
examined  with  the  aid  of  OH*  imaging  and  measurements  of  local 
mean  gas  temperatures  and  local  mean  major  gas  species  concentra¬ 
tions  along  the  combustor  axis,  as  a  function  of  the  fuel  (methane) 
thermal  input,  which  was  varied  between  7  and  1 3  kW.  As  the  fuel 
thermal  input  increases,  the  reaction  zone,  as  identified  by  the  OH* 
distribution,  enlarges  and  moves  progressively  closer  to  the  combus¬ 
tor  exit  (exhaust)  due  to  the  increase  in  the  central  air  jet  momen¬ 
tum,  while  maintaining  constant  the  excess  air  level.  The  excess  air 
values  used  in  the  present  study  were  low  enough  to  preserve  the 
flameless  combustion  regime  regardless  of  the  fuel  thermal  input, 
with  the  combustor  yielding  veiy  low  NOx  and  CO  emissions  for  all 
test  conditions  studied.  The  low  NOx  emissions,  almost  independent 
of  the  fuel  thermal  input,  can  be  attributed  to  the  suppression  of  the 
thermal  mechanism  promoted  by  the  flameless  oxidation  regime.  In 
spite  of  being  always  low,  the  CO  emissions  increase  with  the  fuel 
thermal  input  most  likely  because  of  the  lower  residence  times  asso¬ 
ciated  with  the  higher  burner  thermal  loads. 
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